Background. The effectiveness of liver transplant (LT) in human immunodeficiency virus (HIV) and HIV/ hepatitis C virus (HCV) coinfected recipients in the United States is unknown. We investigated (i) the effect of HIV on US patient and allograft LT outcomes, compared to HCV+ and HIV/HCV uninfected recipients and (ii) whether LT at centers that participated in the National Institutes of Health (NIH) Solid Organ Transplantation in HIV Trial, reflecting experience and a standardized approach to patient selection, impacted outcomes.
virus (HIV) have declined [1] . Due to shared routes of transmission, many HIV patients also have viral hepatitis and end stage liver disease represents the most frequent cause of non-AIDs-related mortality in persons with HIV [2] .
Until the last decade, liver transplant was contraindicated in HIV+ recipients given concerns about complications and poor survival [3, 4] . Single center experience [5] catalyzed a multicenter, prospective National Institutes of Health (NIH) study conducted in 18 US transplant centers comparing outcomes between hepatitis C virus (HCV) monoinfected liver transplant recipients and HIV/HCV coinfected patients, selected on the basis of stringent HIV virologic criteria [6] . Three-year patient and allograft survival for the coinfected cohort was lower than for HCV+ patients (60% vs 79% and 53% vs 74%, respectively). Factors linked to adverse outcomes in HIV-infected liver recipients include HCV genotype 1 coinfection [7] and recurrence [8, 9] , low body mass index (BMI) [7] , higher model for end stage liver disease (MELD) score at transplant, higher donor risk index (DRI) [7] , use of older donors and HCV+ donors [6] , and low transplant center volumes [7] .
Although the NIH trial suggested that liver transplant is feasible in carefully selected HIV and HIV/ HCV coinfected patients, high rates of rejection and graft loss [5, 7] , infectious [10] and vascular complications [11] , and accelerated recurrent HCV [8, 9] , have tempered enthusiasm for liver transplantation in this cohort. Despite this, patients with HIV or HIV/HCV are transplanted outside of a formalized study protocol on an expanding basis. Thus, although the NIH trial demonstrated the efficacy of liver transplant in HIV-infected patients as part of a study protocol, the outcomes in a real-world setting, or the effectiveness of this practice, remain unknown.
The aims of our study were 2-fold; first to determine the effect of HIV/HCV coinfection on patient and allograft outcomes in comparison to HIV monoinfected, HCV monoinfected, and HIV/HCV uninfected recipients in the entire US liver transplant population; second, to explore whether use of a standardized HIV virologic approach and careful posttransplant follow-up impacts HIV-infected liver recipient survival, by stratifying on center participation in the NIH multicenter trial.
METHODS
We performed a retrospective cohort study using data from the United Network for Organ Sharing (UNOS). The dataset included information from all liver transplants and transplant registrations in the US through 31 December 2013. The Institutional Review Board at the University of Pennsylvania approved this study ( protocol 821130, exempt status).
We assembled a cohort of all adult liver transplant recipients, transplanted between 27 February 2002 and 31 December 2013 ( Figure 1 ); 27 February 2002 was chosen to reflect the clinical application of MELD-based allocation [12] . Only the first liver Figure 1 . Creation of the patient cohort. Abbreviations: HCV, hepatitis C virus; HIV, human immunodeficiency virus; OLT, orthotopic liver transplantation. transplant after that date was included; subsequent episodes were censored. Only recipients with a known serostatus were included in the analysis.
Recipient HIV serostatus was provided in a separate file that was linked to the dataset to identify a unique patient and transplant episode. HCV serostatus was reported in the database in a variable which did not differentiate active HCV viremia from antibody positivity alone. Serostatus was supplemented with HCV and/or HIV specific information provided by liver failure diagnosis codes (Supplementary Table 1) and free text fields. Patients were divided into 4 exposure groups based upon serostatus: HIV/HCV uninfected (the reference group), HCV monoinfected, HIV monoinfected, and HIV/HCV coinfected.
The UNOS dataset does not provide information regarding HCV genotype or viral load; therefore, the HCV and HIV/HCV serostatus groups may include patients with and without active infection. There are no data regarding CD4 counts, HIV viral loads, ART or AIDS-defining illnesses for patients with HIV.
We calculated the DRI [13] and MELD score [14, 15] , based on laboratory values ("calculated MELD score" and "final allocation MELD score") and inclusive of exception points, using variables in the dataset. MELD was examined as both a continuous and dichotomous variable, using cut-points at 20 and 25, based on published data [6, 8] . Transplant center identifiers were linked to the dataset to determine whether a transplant was performed at a center that participated in the NIH trial [6] .
Study Design
Kruskal-Wallis testing was used for comparison of nonnormally distributed continuous variables. Categorical variables were compared using χ 2 or Fisher exact testing. Kaplan-Meier curves were compared using log rank [16] . Hazard ratios (HRs) with 95% confidence intervals (CIs) for the study outcomes, time to death, and time to all-cause allograft loss were estimated using Cox proportional hazards regression [17] . Any variable known to be a risk factor for or associated with the exposure and outcome of interest were included in the analysis. Confounders were retained in adjusted models if inclusion changed the unadjusted HR of the outcome of interest by >10% or were proposed a priori (BMI < 21, MELD score >20 at transplant, hemodialysis at transplant, older donor or transplantation at a NIH trial center) [6, 8, 18] . Model checking procedures, inclusive of examining the proportional hazards assumption of the primary exposure, and visualization of log-log plots were conducted. Variables not meeting the proportional hazards assumption by Schoenfeld residuals or inspection of log-log plots, were included in models stratified by that variable. Variables that violated the proportional hazards assumption but had a parallel appearance on the log-log plot were retained in the model without adjustment as this was attributed to the large size of the dataset [19] .
All variables explored in multivariable models were <5% missing with the exception of functional status (23.3%), cold ischemic time (6.2%), Centers for Disease Control and Prevention (CDC) high-risk donor (20%), and acute rejection (25.5%). Functional status and acute rejection were tested in the multivariable models using a complete case analysis followed by single imputation to determine if there were changes in the association of interest; no significant changes were noted.
Statistical analyses were performed using Stata 12.1 (Statacorp LP, College Station, Texas). All P-values reported are 2-sided, and a P < .05 was considered statistically significant.
RESULTS

Cohort Assembly
In total, 73 948 transplant and wait list registrations were recorded in the dataset from 27 February 2002 through 31 December 2013. After excluding waitlisted patients, retransplants, and pediatric patients, we retained 63 809 adult first liver transplant recipients. Multi-organ recipients and patients lacking a discretely recorded survival time were excluded, leaving 43 987 recipients with complete serostatus information; these patients comprised the cohort for analysis. Categorization according to serostatus yielded 22 926 uninfected, 20 829 HCV monoinfected, 72 HIV monoinfected, and 160 HIV/HCV coinfected patients ( Figure 1 ).
Patient and Transplant Characteristics
The groups differed significantly with respect to demographic and clinical characteristics (Table 1 and Supplementary Table 2) . HIV-infected patients were younger than the HCV monoinfected or reference patients (P < .001). The majority of patients across all groups were white, but there were higher percentages of blacks in the HIV and HIV/HCV coinfected groups (P < .001). Male sex was predominant among recipients regardless of serostatus, but the highest proportion of males was in the HIV and HIV/HCV coinfected groups.
Calculated laboratory and final allocation MELD scores were significantly higher in the HIV and HIV/HCV coinfected groups (P < .001). A higher proportion of patients received hepatocellular carcinoma HCC exception points in the HCV (34.9%) and HIV/HCV (31.2%) groups (P < .001). HCV and HIV/HCV coinfected patients were more likely to require hemodialysis at transplant. Calculated DRI differed significantly with the highest DRI livers (DRI of 1.61; P < .001) allocated to the HIV monoinfected group. Tacrolimus based therapy was the most common immunosuppression regimen at discharge from the index hospitalization.
Transplant Center Characteristics
We compared the characteristics of patients transplanted at the 18 centers that participated in the NIH trial to those transplanted at centers that did not enroll (Table 2) . These centers were represented in all transplant regions except for the 14 states comprising regions 4, 6, and 8 (Oklahoma, Texas; Alaska, Hawaii, Idaho, Montana, Oregon, Washington; Colorado, Iowa, Kansas, Missouri, Nebraska, Wyoming). Overall, the patients transplanted at these centers were similar. NIH centers transplanted older (56, IQR 49-61) and more black (12.7% vs 8.4%, P < .001) patients than did nonenrolling centers. There was no significant difference in the final allocation MELD score, but the livers transplanted at NIH centers had a higher median DRI (1.56; IQR, 1.27-1.88). Choice of maintenance immunosuppression and acute rejection rates were similar.
Patient and Allograft Outcomes
In sum, 1-and 3-year survival were as follows: 89% and 76% in the uninfected group, 87% and 66% in the HCV, 86% and 67% in the HIV, and 75% and 47% in the HIV/HCV coinfected group (Figure 2A , P < .001). Increased mortality was observed in the first 6 months in the HIV and HIV/HCV coinfected 
DISCUSSION
In our US primary liver transplant population-based study, we found that HIV/HCV coinfection was associated with a 2.5-fold increased risk of mortality and an almost 3-fold increase in allograft loss, consistent with prior studies [6, 7] . However, HIV monoinfected patients experienced outcomes comparable to HIV/HCV uninfected recipients. This suggests that liver disease etiology is of great importance to patient and allograft outcomes in HIV patients assumed to be on a stable ART regimen, with an appropriately high CD4 count, and undetectable HIV RNA at time of transplant, as per the protocol set forth in the NIH multicenter trial [6] . The HCV cohort was found to have rates of allograft loss and mortality comparable to other studies [20] .
We, like others, found poor patient and allograft outcomes in HIV/HCV coinfected liver transplant recipients. Prior data [6, 7] have demonstrated that high MELD scores, low BMI candidates, and use of older or HCV+ donor organs in this population portend a poor prognosis. Despite our expectation that these studies would guide subsequent donor and recipient selection, transplant outcomes have not improved since publication of these findings. This continued posttransplant disparity, coupled with acceptable patient and allograft survival in the HIV monoinfected group, suggests that the differential outcomes in the HIV/HCV+ patients are based solely on coinfection with HCV. These data argue for treatment of HCV infection either in the pretransplant setting or immediately posttransplant. Although not previously feasible in patients intolerant of interferon based regimens, the recent approval of highly effective direct acting antiviral agents such as simeprevir, sofosbuvir, ledipasvir, and the ombitasvir/ritonavir/paritaprevir/dasabuvir combination, enables treatment of HCV/HIV coinfected patients prior to transplant [21] [22] [23] . Alternatively, in order to decrease wait times and to transplant coinfected recipients with lower MELD scores, one could consider using HCV+ organs and initiating HCV therapy immediately posttransplant; this strategy may equally benefit HCV monoinfected recipients, who also experienced longer wait times in our analysis. The ratification of the HIV Organ Policy Equity Act in 2013, which permits research into the use of HIV+ organs for transplant, may also increase organ availability for HIV-infected patients. These approaches, which require further study, will increase the potential donor pool and may result in improved outcomes for these patients. Our study corroborates earlier findings [10] that patients with HIV, and especially those with HCV coinfection, had more infection-related deaths, especially in the early posttransplant period. Although information could not be gleaned regarding the specific infections, the initial trajectory of the survival curves for the HIV and HIV/HCV coinfected groups suggests that infection may be one basis for early mortality seen in these groups. However, once HIV monoinfected patients passed this 6-month threshold, their mortality rate leveled off while the trajectory was unchanged in the HIV/HCV coinfected group.
We observed increased rates of vascular complications and acute rejection in the HIV and HIV/HCV coinfected patients, consistent with other studies [7, 11, 24, 25] . This finding in our analysis should be interpreted with caution given the amount of missing data in the cause of graft loss and rejection variables, and the nonstandardized approach to their characterization in the dataset. When we adjusted for both acute rejection and immunosuppression regimen, there was an attenuation in the protective effect of tacrolimus-based therapy. This suggests that the association between tacrolimus and allograft failure may be on the basis of a reduction in acute rejection episodes. Given the limited data, these associations could not be fleshed out further, but highlight the effect of acute rejection and immunosuppression in early allograft survival.
In light of studies demonstrating the relationship between transplant center effect and transplant outcomes [26] , we explored whether consistent patient selection criteria and careful posttransplant follow-up across centers that participated in the NIH trial impacts HIV-infected liver recipient survival. Though we found no change in outcomes in HCV monoinfected patients, there was a difference in the hazard ratio between NIH centers and nonenrolling centers for HIV and HIV/HCV coinfected patients. This may in part be due to the willingness of larger and more experienced centers to take on higher complexity cases that are associated with a greater risk of allograft loss and patient mortality. Center practice merits further exploration, as does whether center performance influences the continued acceptance of high-risk transplant recipients. We conclude on the basis of these data that liver transplant in the HIV and HIV/HCV coinfected patient is effective in the "real world" setting.
Our study has limitations. We lacked complete serologic data on all subjects within the cohort, although patients with missing data were comparable in demographics to those with complete data. The UNOS dataset does not provide information regarding HCV viral load or genotype, so we could not distinguish those patients who had been successfully treated and cleared their HCV infection. The UNOS dataset also does not provide information regarding CD4 counts or viral loads for patients with HIV infection. Additionally, the dataset had a significant amount of missing data in some variables of clinical importance (functional status and acute rejection). However, no significant change in the HRs for the outcomes of interest was noted with imputation of these variables. Lastly, the sample size in the HIV monoinfected group was small, and hence the estimates of association may be unstable in fully adjusted models.
In summary, our data demonstrate outcomes for HIV monoinfected liver transplant patients that are similar to uninfected recipients but poor allograft and patient outcomes in HIV/HCV coinfected recipients. Two distinct strategies can be considered in these patients that may improve outcomes: (1) pretransplant HCV eradication or (2) early posttransplant preemptive HCV therapy. The second option supports a strategy that would broaden the donor pool for HIV/HCV coinfected patients, as well as for HCV monoinfected patients, by making transplant with an HCV+ donor feasible. In this new era of direct acting antiviral therapy, both of these strategies can be implemented and merit further study, as does the use of HIV-positive donor organs.
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